A pulse detonation engine simulator operating at 5 and 20 Hz was used to study unsteady thrust characteristics. The natural vibration frequencies, the effective mass of the simulator and the steady thrust were first determined. The system dynamics of the simulator, deconvolved in the frequency domain, was studied. The impulse transfer function was used to reconstruct the thrust response and acceleration compensation was applied to get the thrust solely due to the pulsating jet. The thrust response of the system due to exit of the pulsed jet could be reconstructed well. The acceleration compensation technique enabled the actual thrust to be recovered from reconstructed signal. Pulse-to-pulse interference was not observed for the frequencies tested.
I. Introduction
HE unsteady thrust measurement for pulse detonation engines (PDEs) is likely to be affected by the inertial load due to acceleration. 1 Thus, conventional thrust measurement techniques need to be extended to account for the cyclic acceleration of the structure. A method which requires identification of the system's dynamic parameters has been well-established in thrust measurements in shock tunnels. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] A similar situation occurs for a single pulse of a PDE. Additionally, in the present situation, unlike an impulse facility, a pulse train forms and the effect of interference between the pulses is not well understood. Parameter identification and acceleration compensation techniques were implemented to extract the correct thrust values from load cell measurements.
For developing the unsteady thrust measurement technique, a PDE simulator as shown in Fig.1 is used. The simulator utilized pulses of pressurized air driven into it near the closed end of the tube at the right of the figure, which generated thrust upon exit from the open end to the left. The thrust and the pressure were measured. A correction method, accounting the system's acceleration, was used to recover the actual thrust that is solely due to the unsteady flow. The approach first required determination of the impulse transfer function of the system based on the input, which consisted of a single pulse of pressurized air, to the system and the output measured by load cell. Once the transfer function was established, a deconvolution procedure was carried out to reconstruct the thrust. Furthermore, the effective mass of the system which contributes for cyclic acceleration was determined. From the reconstructed thrust, the cyclic load, which is the product of the effective mass and measured acceleration, was subtracted to obtain the actual thrust. 7 The method was then applied at pulsed frequencies of 5 and 20 Hz.
II. Method

A. Approach
The method first requires the determination of the transfer function of the system ( ) based on the input pressure ( ) and the output ( ). This procedure is applied to a single pulse as described in the following paragraph. For a linear system, one can write the relationship between the input, the output and the transfer function by the convolution integral
If the input to the system is known, a deconvolution of Eq. (1) yields the transfer function. Once the transfer function is known, then any arbitrary output can be determined from a measurement of the input and vice versa.
An impulse of pressurized air can be used as the input,
Applying a Fourier transform to Eq. (3) yields the impulse transfer function in the frequency domain
where ( ) and ( ) are the Fourier transforms of the input and output respectively. Hence, from the measurement of the output and the input, an impulse transfer function can be determined experimentally. With this established transfer function and a subsequent measured input, the output 1( ) is given by
where ( ) is the previously established impulse transfer function and 1( ) is the Fourier transform of the measured input. Once the impulse transfer function is established, it can then be used subsequently to deconvolve the dynamic response of the entire structure from the actual thrust. However, the structure also undergoes a distinct acceleration. Since the pulses are repetitive, the acceleration is also repetitive. Deconvolving the dynamic response from the thrust does not necessarily compensate for these repetitive accelerations as the cyclic load from the acceleration is inherently fused to the thrust signals. A separate procedure is needed for the acceleration compensation. Assuming a linear relation between acceleration and corresponding cyclic load, the added cyclic load can be compensated using = − .
where, is the deconvolved thrust signal using the impulse transfer function, is the effective mass of the structure that is actively oscillating and contributing to the cyclic load, is the filtered acceleration signal which is obtained after truncating the measured acceleration signals to retain the acceleration information (i.e., removing noise), and is the actual thrust generated by the PDE.
B. Hardware
An actual pulse detonation engine is a complicated piece of hardware. Therefore, for this study, a pulse detonation engine simulator was built. The PDE simulator, made of stainless steel, is shown in Fig. 1 and a schematic of the entire setup is shown in Fig. 3 . The simulator consisted of a pipe that was 26 in. long and that had an inner diameter of 1 in. The pipe was mounted on a slide to allow it to move. As shown in Fig. 1 , the simulator had flanges at both ends and it was supported at two locations. From one side, the simulator was butted against a load cell (PCB Model 201B02) and supported by a thrust stand. The load cell measured the thrust generated when the pulsed pressurized air exited the PDE simulator. The load cell was preloaded to 100 lbf, which was required for the dynamic force measurements as per manufacturer's specification.
A compression-type multi-axial accelerometer (PCB Model 302B03) was used to measure the acceleration of the simulator. The accelerometer was mounted right next to the load cell using a stud mount on a steel load concentrator which was supported by the thrust stand as shown in Fig. 4 . The simulator had inlet ports for pressurized air to be fed into the tube at different frequencies. The pressure of the leaving air was measured at the exit end of the simulator by a pressure transducer (PCB Model 111A24). The flow was pulsed by solenoid valves (Dayton Model 1A575) with orifice diameter of 1/8 in. Since the orifice diameter of the solenoid valves are small, five of them were used to supply adequate air to the simulator for generating measurable thrust. The exits of the solenoid valves were connected to the simulator by air hoses with ¼ in. inner diameter. The valves were normally closed and required a 120 VAC coil (Dayton Model 3A440) for activation. The operation of the solenoid valves was controlled by a function generator (BK-Precision Model 4010A). The function generator sent square wave signals to the solenoid valves at set frequencies, thus controlling the operating frequency of the solenoid valves. However, the high power electrical circuitry of five solenoids valves could not be directly controlled by the small electronic circuitry of the function generator. 18 Hence a digital control system was used to interface the set of five solenoids valves with the function generator. Since the function generator produces an analog TTL output signal, a simple circuit using economical components was built to make the analog signal imitate a digital outcome. The interface circuit consisted of Darlington transistors to drive low power 24 VDC SPDT relay which in turn drove the solenoid coils. The function generator voltage output was passed to the transistor which activated the low power relay thus controlling the solenoid valves. The transistor was incorporated in the circuit since the power output of the function generator was already low.
III. Results and Discussion
A. Natural Free Vibration Test
An impact hammer (PCB Model 086C01) was used to impulsively excite the dynamics of the PDE simulator with the output registered by the accelerometer. Since the relaxation time of the excited system is greater than the duration of the impulsive input, the resulting system output was regarded as the natural or the free vibration response. The time domain input, which is the impulsive excitation from the hammer, and the resulting output response of the system were examined in the frequency domain via an FFT. Figure 6 shows the frequency response of the PDE simulator when struck by the hammer with a steel, a plastic or a rubber tip. Efforts were made to apply a similar impulsive force in every case. Figure  6 shows the frequency range of 5-500 Hz with distinct peaks at 88, 172, 234, 293 and 360 Hz. These frequencies were the natural or free vibration frequencies of the system. Application of a forcing frequency at the above mentioned frequencies were avoided to prevent system resonance as would be most likely in a PDE. In the simulation experiments to be discussed later, the pulsed air was driven at 5 or 20 Hz. Thus, the recorded load cell response is not fraught by dynamic response of the system brought about by the resonance response of the system.
B. Steady Operation Test
Although the PDE operates in a pulsed manner and the thrust generated is unsteady, it is still useful to obtain the steady thrust. The steady thrust was measured by exhausting a steady jet at inlet pressures of 190, 275 and 360 psia. Both generated thrust and pressure at the exit of the simulator were measured at 200,000 samples per second. Figures 7  and 8 show the thrust and the pressure measured at the exit for the case when the high pressure source was pumped to 360 psia. A moving average of the measured signal was taken to smoothen out the curves and improve the signal-to-noise ratio. Several pressure values and the corresponding thrust values from the averaged curves were used to create a thrust vs. pressure chart for steady operation as shown in Fig. 9 . This procedure is valid considering that the pulsed operation occurs at a frequency of at least 5 Hz and integration window of 1 second is sufficient for steady operation case. For the steady operation case, it is observed that there is linear relation between pressure and thrust.
C. Determination of Effective Mass
When the PDE simulator was operated, the whole structure underwent cyclic acceleration. Even though the system motion was extremely small due to preloading, the structure underwent oscillations when the pulsed air exited the system. The extent and the duration of oscillations depended on the thrust from the pulsations. Equation (5) introduces a term which represents the oscillating mass of the simulator 7 .
The effective mass depends on the force applied to the simulator. Thus, a relation between the applied force and was established to choose a proper value of the latter for the acceleration compensation technique. 
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After striking the system impulsively by an impact hammer, the generated impulsive force was measured by the load cell and the resulting oscillations were measured by the accelerometer. Both the impulsive force and oscillations of the system were sampled at 200,000 samples per second. The impulsive forces were applied in such a way that they were within the measurable range of the load cell.
The root mean squared value of measured impulsive force and oscillation were calculated. The rms was only taken for that portion of the signal where the magnitude of oscillations was prominent. For example, Fig. 10 shows the rms interval of the force and acceleration taken where the magnitude of the oscillations measured by the accelerometer was prominent. With a calculated rms values of impulsive force and resulting oscillations, was determined by = (6) Figure 11 shows the variation of effective mass for a range of applied impulsive forces. From Fig. 11 , it can be concluded that as the magnitude of impulsive force increases the effective mass decreases. This property holds true since a higher impulsive force excites the system more providing higher magnitude of oscillations. Substituting the rms of measured values in Eqn. (6) yields a smaller effective mass, as summarized in Fig. 11 . Therefore, Fig. 11 was used to estimate the effective mass of the system for a particular value of applied force.
D. Signal Reconstruction for pulsed cases
Signals were acquired at a rate of 800,000 samples per second. Sampling at high frequency helped to increase the temporal resolution. However, high sampling rates also adds high-frequency noise to the signals from which the thrust needed to be deconvolved. As mentioned in the approach, first an impulse transfer function was established. This was done in the frequency domain by dividing the measured output shown in Fig. 12 by the input, a single pressure pulse, shown in Fig. 13 . Once the transfer function was established, deconvolution was carried out by reconstructing the thrust using the established transfer function and the measured input via Eq. (4b). Figures 14 and  15 show the magnitude and phase spectra of the impulse transfer function. In both spectra, the frequency spectrum is normalized by the number of samples. Figures 16 and 17 show the input pulsed pressurized airflow at 5 and 20 Hz respectively. Figures 18 and 19 show the reconstructed thrust signal by a red line for 5 and 20 Hz respectively. In both cases, the reconstructed thrust was greater than the measured thrust. The reconstructed thrust signals were noisier than the measured signals; this may be because of digital artifacts of the FFT. A further refinement to the reconstructed signal should be implemented, which is an area for future work. Both measured and reconstructed thrust signals shown in Figs. 18 and 19 do not exhibit any prominent interference between consecutive thrust pulses. The response generated due to the exit of a pressure pulse has enough time to die out before the occurrence of another one. It is possible that interference between adjacent pressure pulses can significantly affect the thrust when the frequency is higher. Acceleration compensation was applied to get the actual thrust from the reconstructed signals since the cyclic load due to acceleration is inherently fused to the thrust signal. The cyclic load can be successfully compensated from the thrust signal using Eqs. (5) and (6) . The process first required the determination of the effective mass of the system contributing to the cyclic load. This can be done through a comparative study using Fig. 11 . For the 5 Hz case, it can be observed from Fig. 18 that the applied force to the system due to the exit of the pulsed pressurized air is close to 5 lbs. With this applied force known, the effective mass of the system for this case was determined to be 76 lbs/g using Fig. 11 . Similarly for the 20 Hz case, the effective mass was determined to be 77 lbs/g. 
IV. Conclusions
A PDE simulator was used to study the unsteady thrust characteristics. Experiments were first performed to determine the natural vibration frequencies and study the simulator's steady operation. After this, it was concluded that operating the simulator at 5 or 20 Hz does not lead the system to resonance. A technique was developed to determine the effective mass of the system contributing to the cyclic loads. Moreover, a general approach was developed to obtain the actual thrust. The approach first required the impulse transfer function of the system to be determined so as to reconstruct the thrust signal from the measured input. From the reconstructed thrust, the cyclic load was subtracted to get the actual thrust. The cyclic load for the simulator is the product of effective mass and measured acceleration during each run. 
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The method was tested for 5 and 20 Hz pulsed inputs. It was concluded that the thrust signals could be reconstructed well from the input using the impulse transfer function. Compensating for cyclic load yielded the actual thrust. However, the measured acceleration was very low hence there was no significant difference between the reconstructed and compensated thrust. Also, no prominent interference between the thrust pulses was observed upon reconstruction. 
